An enzyme system prepared from maize chloroplasts catalyzes the synthesis of DNA from maize chloroplast DNA sequences cloned in bacterial plasmids. Cloned maize chloroplast DNA fragments Bam HI 17' (2470 bp) and Eco RI x (1368 bp) have been shown to be preferred templates for in vitro DNA synthesis catalyzed by pea chloroplast DNA polymerase preparations [Gold e_£ fil. (1987) Proc. Natl. Acad. Scl. USA 84,[194][195][196][197][198].
D genes in wheat.
Finally, DNA synthesis has been studied in vitro using cloned cpDNA tenplates and crude extracts of maize (13) and liverwort chloroplasts (14) .
No specific origins of replication were found in the first study ( 
13) while
In the latter several specific fragments were shown to be preferred tenplates (14) . However, the use of crude extracts in those studies made it difficult to ascertain whether the DNA synthesis observed represented true replication or repair activity. A better defined In vitro system was established after the first chloroplast DNA polymers*e was purified by 
McKovn and Tewari (IS)
.
Preparation of Maize Chloroplast DNA Polymerase Extracts
Maize chloroplast extracts containing DNA polymerase activity were Electrophoresis was performed at 4°C and 80 V for 16 h. Silver and activity staining of the gels followed the methods of Oakley e_£ fll. (24) and Karawya s£ fll. (23), respectively.
Assay for DNA Replication
Template DNA (1-2 ug) was incubated for 20-30 min at 30°C in 50 ul of 50 mM Tris-HCl (pH 7.0); 12 mM MgCl 2 ; 120 mM KC1; 0.1 mg/ml bovine serum albumin (BSA); 1 mM 2-mercaptoethanol; 10 mM ammonium sulfate; 0.1 mM EDTA; 5% (v/v) glycerol; 20 uM of each dGTP, dCTP and dTTP; 5-10 uCi [ respectively. The acid insoluble radioactivity was assayed as described (15) .
Restriction analysis of the replication products was performed as follows: After the reaction was completed, 5 ul aliquots were withdrawn to measure acid precipitable radioactivity and the remaining reaction mixtures were diluted 1:4 with distilled water and incubated for 2 h at 50°C with 0.5 mg/ml proteinase K, followed by phenol extraction and ethanol precipitation. The samples were redissolved in water, digested with appropriate restriction endonucleases, treated again with proteinase K and phenol, and finally analyzed by polyacrylamlde gel electrophoresis and autoradiography.
DNA Blot Hybridization
DNA blot analysis and hybridization with [ 32 pl labeled DNA probes were performed as described previously (15) . Radioactive DNA newly synthesized from pZmcEco x as template was prepared by a scale-up (lOx) of the replication assay described above. After the reaction was completed the samples were digested with proteinase K and extracted with phenol. Nucleic acids were precipitated with ethanol. The radioactive DNA samples were redissolved in a minimum amount of water and boiled for 3 min prior to hybridization. DNA synthesized under this protocol showed acid insoluble radioactivity corresponding to 5-8 x 10-* cpm.
Materials
Activated calf thymus DNA was prepared according to Tewari (25) .
Centricon 10 microconcentrators were purchased from Amicon (7). HeparinSepharoae CL6B and DNA agarose were from Pharmacia (Uppsala, Sweden Furthermore, only one polypeptide with DNA polymerase activity could be resolved throughout the whole purification procedure (right-hand portion of lanes 1-3 in Fig. 1A ). Under the same conditions, yields of the maize enzyme were usually 10-fold less than those obtained from pea.
These maize chloroplast DNA polymerase preparations were used to catalyze the replication of the recombinant plasmids pZmcEco x, pZmcBam 17'
and pZmc 427 in vitro (illustrated in Fig. 2 ). The requirements for this reaction are shown In Table 1 . A standard replication assay is described under Materials and Methods. BSA was found to stimulate the reaction by preventing thermal denaturatlon of the DNA polymerase which results In loss of linearity due to irreversible inactivation of more than 50% of the enzyme activity during the 30 min assay (Table 1) . Accordingly, the polymerase was slightly more active at 30°C than at 37°C. It was rapidly enzyme. On the other hand, relaxation of the plasmids with topolsomerase 1, as described by Stirdivant e_£ BX- (19) . had no effect on either the extent or the specificity of the DNA replication (Table 1) .
Since RNA priming is a general feature of initiation of DNA synthesis in both eucaryotes and procaryotes, it was surprising to observe that the addition of the four rlbonucleoside triphosphates had only a minor stimulatory effect on the replication reaction (Table 1) . However, this lack of a strict requirement for rNTPs has been observed recurrently with other in vitro cpDNA synthesis systems derived from maize (13), liverwort (14) and £. reinhardtii (6).
Analysis of replication products
As reported earlier (16), DNA synthesized from templates pZmcEco x, pZmcBam 17' and pZmc427 appeared to be the size of the entire plasmid when analyzed by alkaline agarose gel electrophoresis (data not shown). We tried to establish whether replication of each of these plasmids in vitro starts at a single or at numerous sites and to further map the origin(s) by determining the pattern of labeling of parts of template sequence (i.e. various restriction fragments of the template) during in vitro synthesis.
Specifically, we (16) had found pZmcBam 17' to be a much more active template than pZmcEco x; the maize cpDNA sequences cloned in these two plasmids have 455 bp in common. We were especially interested to determine whether the fragment BamHI 17' contains more sites for the initiation of igure 3. DNA synthesis by DNA polymerase extracts was carried out in the presence of various amounts of ddCTP and 20 uM dCTP. Acid insoluble radioactivity was determined in 5 ul allquots. Autoradiograms show the distribution of incorporated radioactivity among various restriction fragments after in vitro DNA synthesis. After the reaction was completed the samples were treated as described in Materials and Methods, digested with BamHI and EcoRI, and finally subjected to electrophoresis on a 5% polyacrylamide gel (acrylamide to bisacrylamide ratio 30:1) in 90 mM Trisborate (pH 8.4), 1 mM EDTA at 25 C and 40 mA for 2-3 h. Gels were dried and autoradiographed. Numbers over each lane indicate the concentration of ddCTP added to the reaction mixture. The molecular size standard used was pBR322 digested with Hpall. In (A) the DNA replication activities were 9.8 (100%); 8.2 (84%); 6.6 (67%) and 4.5 (46%) pmol of dNMP incorporated in the presence of 0, 50, 100 and 200 M ddCTP, respectively. In (B) the activities were 27.4 (100%); 20.3 (74%); 15.9 (58%) and 11.8 (43%) pmol of dNMP incorporated with 0, 50, 100 and 200 M of ddCTP, respectively. digestion (see restriction map in Fig. 2 ). At 48% of control replication this fragment is the only one which shows significant labeling (fourth lane in Fig. 3A ).
The effect is even more obvious when pZmcBam 17' is used as a template instead of pZncEco x. pZmcBam 17' contains the 455 bp BamHI-EcoRI portion of Eco x plus the adjacent 1.5 lcbp sequence that includes the 5' end of the gene for the maize chloroplast ribosomal protein L16 (Fig. 2 and Ref. 16) and it is 2-3 times more active as a template than pZmcEco x (Table 1) . To study replication of pZmc 427, we used ara-CTP instead of ddCTP as chain terminator, in order to obtain a higher degree of inactivation, since ddCTP inhibition levels off at 60-70% even at ddCTP/dCTP ratios of 100 (not shown). The amount of labeling in the absence of ara-CTP increased with the sire of the restriction fragment (Fig. 4, lane 2) , as should be expected if the whole plasmid were uniformly labeled. However, addition of the chain terminator to the reaction mixture drastically increased the relative specific activity of the 1 kbp Bglll-EcoRI fragment (Fig. 4) .
This portion of the insert includes the 3' end of the psbA gene (I.
Larrinua, personal communication).
Most of the chloroplast genone was inactive in the in vitro assay (16) . When, as a control, one of these inactive fragments, subclone la from BntnHI fragment 6 (17) , vas provided as a template (20 ug DNA instead of 1-2 ug in the reaction nixture) in an ara-CTP inhibited reaction and the products were subjected to restriction analysis, the restriction pattern did not show any preferentially labeled fragment and radioactivity from both plasmid and cpDNA derived restriction fragments declined at about the sane rate with increasing concentrations of ara-CTP (data not shown). This result suggests that replication of this plasmid did not start at specific sites.
It is also noteworthy that the fragment containing the pBR322 origin of replication (uppermost band in the gels of Figs. 3,4, see also map in Conditions for DNA synthesis, assay of the activity and processing of the samples were as in Fig. 3 . The products of in vitro replication were digested with BamHI, EcoRI and Bglll and analyzed by polyacrylamide gel electrophoresis as described before. Lane 1, the reaction was carried out for 3 min in the absence of ara-CTP; lane 2, 20 rain of reaction, no ara-CTP; lane 3, 20 min reaction, 4 mM ara-CTP; lane 4, 20 min reaction, 10 mM ara-CTP. Acid insoluble radioactivity was determined In 5 ul allquots: 0 ara-CTP, 4.1 pmol dNMP incorporated -100%; 4 mM, 46% inhibition; 10 mM, 89% inhibition. Molecular size standard set was pBR322 digested with Hinfl. (Figs. 3,4) , indicating that chloroplast DNA polymerase, although probably replicating the entire plasmid template (full length products), was not able to use the plasmid origin of replication to initiate DNA synthesis In vitro efficiently, if at all. This result is in good agreement with the lack of template activity of pBR322 and pUC19 in the in vitro assay (Table   1 ).
The preceding results strongly suggest that in vitro DNA synthesis In order to confirm this suggestion, we studied the direction of jji vitro DNA replication using pZmcEco x as template. For this purpose, we cloned the Eco x and Bam 17' fragments of maize cpDNA in M13mpl8 and selected clones in the two possible orientations by using the "complementarity-test (21) . Samples of M13mpl8 carrying opposite strands of Eco x and Bam 17' were subjected to agarose gel electrophoresis (Fig.   5A ) and the gel was blotted onto nitrocellulose paper. DNA replicated in vitro from pZmcEco x was used as a hybridization probe for the blotted single stranded fragments. indicating that in this case replication was bidirectional. Signals were very weak and the filters had to be exposed for long periods, presumably due to the presence in the hybridization mixture of unlabeled template DNA.
The probe did not hybridize with phage DNA that carries no insert (Fig. 5B , lane 3), indicating that hybridization was specific for chloroplast-derived sequences.
Bending analysis of Eco x
Bent DNA has been found at viral and plasmid DNA replication origins (26) (27) (28) (29) and in a yeast autonomous replicating sequence (30) . Analysis of EcoRI fragment x by polyacrylamide gel electrophoresis of permuted restriction fragments of Eco x (34) showed the existence of a bend site at or beyond the 3' end of the L16 gene coding region (Fig. 6) . These results are consistent with the conclusion that the 455 bp BamHI-EcoRI fragment may contain a functional origin of replication, probably located at the 3' end of the L16 gene or in the intergenic region.
DISCUSSION
In most of the systems described so far to study chloroplast DNA replication in vitro (13, 14) , it has been unclear whether the reactions observed reflected a replicative type of DNA synthesis or a repair synthesis in which large stretches of DNA are replaced. Our system does, however, satisfy several criteria for in vivo DNA replication, namely: The DNA was then digested with restriction enzymes that cut only once within Eco x to generate a series of fragments, each 1368 bp in length. The samples were used for migrational analysis either directly or after purification from polyacrylamide gels. The upper line shows the duplicated DNA; the blocks indicate DNA sequences coding for ribosomal protein L16 (16) . The fragments generated are shown below the restriction map and are designated by the enzyme used to produce them. (B) Analysis of permuted fragments by polyacrylamide gel electrophoresis.The fragments, generated as described above, were separated electrophoretically essentially as described by Koepsel and Kahn (27) except that gels were run for 10 rather than for 4 hours. only on covalently closed templates. In our hands, relaxation of tfw plasmids with topoisomerase I affected neither the activity nor the specificity of the replication process (Table 1) .
Incorporation of radioactive dATP into DNA in the presence of chain terminators allowed us to narrow down the putative origin of replication.
When the highly active templates pZmcEco x and pZmcBam 17' were used, labeling of the 455 bp BamHI-EcoRI fragment persisted up to the highest concentration of ddCTP used (Fig. 3) , indicating that it is within this sequence that replication occurs first in both plasmids. This fragment is the only portion of cpDNA shared by the two templates (Fig. 2) reinhardtii. A bend site was localized beyond the 3' end of L16 coding region (Fig. 6 ). This is in accord with the probability that a true origin of DNA synthesis Is somewhere in this neighborhood, in view of the proposed role played by DNA bending in replication (26) (27) (28) (29) . In summary and taking into account the various considerations discussed here, this origin is likely to be upstream of £p_l 14 
